Inherent polarization entanglement generated from a monolithic semiconductor chip 
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Creating miniature chip scale implementations of optical quantum information pro- 
tocols is a dream for many in the quantum optics community. This is largely because of 
the promise of stability and scalability. Here we present a monolithically integratable 
chip architecture upon Avhich is built a photonic device primitive called a Bragg reflec- 
tion Avaveguide (BRW). Implemented in gallium arsenide, Ave shoAv that, via the process 
of spontaneous parametric down conversion, the BRW is capable of directly producing 
polarization entangled photons w^ithout additional path difference compensation, spec- 
tral flltering or post-selection. After splitting the twin-photons immediately after they 
emerge from the chip, w^e perform a variety of correlation tests on the photon pairs 
and show non-classical behaviour in their polarization. Combined with the BRW's 
versatile architecture our results signify the BRW design as a serious contender on 
w^hich to build large scale implementations of optical quantum processing devices. 



The use of non-linear optical effects has lead to an 
era of high-level quantum experiments, where quantum 
entanglement between pairs of photons can be achieved 
with very high count rates, quality and flexibility. It has 
relied heavily on a photon pair producing process called 
spontaneous parametric down conversion (SPDC)[TJ |2], 
where under conservation of energy and momentum, a 
"pump" photon spontaneously decays, leaving a pair 
of daughter photons in its place. SPDC is now easily 
achieved using lasers and the same materials and princi- 
ples involved in the more classical processes of sum fre- 
quency and second harmonic generation. 

More challenging has been the creation of entangled 
photon pairs in a degree of freedom, in our case polar- 
ization, that is uncorrelated with other aspects of the 
pair producing process [3 . The challenge is indirectly 
tied to the very same principles and materials that fa- 
cilitate the creation of photon pairs in the first place. 
Birefringence, which makes phase matching the pump 
and daughter photons an easy task, also tends to pro- 
vide distinguishing information that hinders the produc- 
tion of entanglement. Despite this natural limitation, 
bulk-crystal photon sources have created entanglement 
via clever interference techniques, and often include addi- 



tional compensating optics [4 . While some outstanding 
results have been achieved [5 , too often the interferom- 
eters and compensation procedures are unstable, requir- 
ing daily maintenance, strict environmental conditions, 
or complicated automation. It is generally thought that, 
to achieve larger scale demonstrations of optical quantum 
information protocols, the techniques developed to date 
should be integrated in some sense [H [7] - a so called 
optical bench on a chip. 

Semiconductors are an obvious platform for integra- 
tion, but the material physics are vastly different from 
what is found in traditional SPDC based resources of 
quantum information. Recently publicized as a strong 
source of photon pairs [8 the gallium arsenide (GaAs) 
based Bragg reflection waveguide (BRW) was shown 
to have a distinct advantage over other semiconduc- 
tor sources, due largely to its monolithic architecture - 
its layered design underpinning many photonic devices. 
Using the same techniques as employed in bulk-crystal 
sources [9 , it has recently been shown that the BRW can 
deliver polarization entangled photons through the use 
of post-selection. Here we show a significant advantage 
by demonstrating the intrinsic capability of the BRW 
to directly produce polarization entangled photon pairs. 
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FIG. 1. The AlGaAs Bragg Reflection Waveguide and the experimental setup, (a) Layers of varying composition of aluminum 
gallium arsenide act as Bragg reflectors and sandwich a core layer (yellow). A pump photon (purple) entering the BRW can 
spontaneously decay into a signal photon (green) and an idler photon (red) with either of two polarizations (H - elongated, 
V - rounded) via SPDC. The characteristics of generated photon pairs can be tuned by altering the ridge dimensions and the 
epitaxial growth parameters, (b) Photon pairs created in the BRW were split according to their color into shorter wavelength 
(signal) and longer wavelength (idler) arms. Each photon's polarization was measured in various reference frames using a 
quarter- wave plate (QWP) and a half- wave plate (HWP), and a polarizer. The phase between H(V) and V(H) photon pairs 
was modulated by inserting and tilting an additional QWP in only the idler arm. 



without any additional interferometry, spectral filtering, 
compensation or post-selection. Combined with the fact 
that the structure can be its own pump laser [10], our 
results set the stage for the BRW to be a self-contained 
room temperature resource of entanglement occupying no 
more than a few square millimeters of chip real-estate. 

Built on a GaAs substrate, the BRW consists entirely 
of layers of GaAs containing different amounts of alu- 
minum. A subset of the layers function as Bragg re- 
flectors, one lying below and one on top of a core re- 
gion where light can be guided. A schematic is shown 
in Fig.[TJa). The Bragg reflectors distinguish the waveg- 
uide. In addition to optical modes guided via the pro- 
cess of total internal reflection (TIR), the reflectors con- 
fine modes of light to the core region through inter- 
ference. Aptly named, the dispersion characteristics of 
Bragg modes are mostly independent from those of the 
more traditional TIR modes. This degree of freedom 
allows the designer to use Bragg interference to create 
structures where the daughter TIR modes of SPDC are 
perfectly phase matched to the pump Bragg modes [11] 
- a technique called modal phase matching. 

Modal phase matching based on Bragg reflection has 
important ramifications for integrated optical quantum 
devices that employ SPDC. Not only does the BRW al- 
low for the production of photon pairs in non-birefringent 
semiconductors like GaAs [8] , but the detrimental effects 
of any residual birefringence on the production of po- 
larization entangled photons are minimal and design re- 
lated. In fact, the GaAs based BRW can be engineered 
such that the optical properties of orthogonally polar- 
ized TIR modes are identical. Specifically, inherent po- 
larization entanglement becomes possible for frequency 
non- degenerate co-linear type-II modal phase matching 
where daughter photons are generated at different fre- 
quencies but guaranteed to have orthogonal polarization. 
Because there is little to no birefringence, the daughter 
photons can emerge orthogonally polarized via two differ- 



ent decay "channels" : In one channel, there is a probabil- 
ity amplitude Ahv {'^11^2) where the higher (lower) fre- 
quency photon is horizontally (vertically) polarized. Al- 
ternatively, there is a probability amplitude Ay h {001^002) 
where the higher (lower) frequency photon is vertically 
(horizontally) polarized. There is no need for compen- 
sation of any kind, and since the photons within a pair 
always have different frequencies, each pair can be eas- 
ily split into distinct spatial arms, which we call signal 
and idler, by using a dichroic beam splitter (DBS). The 
expected state is polarization entangled and written as: 



m = / 



dujiduj2 



Ahv{^1,^2) 1^1, ^)s \^2,V). 



AvH{uJi^uJ2)e'^\uJ2^V)Juj,,H)^ , (1) 



where H(V) symbolizes horizontal (vertical) polarization, 
Ui and UJ2 represent the angular frequency of the pho- 
ton, and 7 accounts for a relative phase which can 
be controlled by placing and tilting a birefringent ele- 
ment such as a quarter wave plate (QWP) in one of 
either the signal or idler arm. Note that the sum, 
Ahv {^11^2) + Avh{^i^^2), is proportional to the joint 
spectral amplitude of the photon pairs generated by the 
BRW, and that the index interchange in the second term 
of Eq. [1] arises from the DBS transformation, which col- 
lapses the entire spectral output of the BRW to either 
the signal or idler arm. For a more in depth analysis of 
the generated quantum states in the presence of a DBS, 
please refer to the Supplementary Information. 

Two-photon polarization entanglement quality is in- 
exorably linked to the absence of any information that 
might determine the polarization of either photon before 
it is measured. In our case, it is pre-dominantly limited 
by the amount of spectral overlap between Ahv {^1,^2) 
and Ayh{oJ2^^i)- For this reason we measured the 
spectrum of both H and V polarized photons produced 
by the BRW for a range of pump wavelengths {Xp = 
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FIG. 2. Intensity plots of the measured single photon spec- 
tra for (a) horizontal and (b) vertical polarized SPDC-output 
from the chip, versus the wavelength of the pump laser. The 
dashed lines are theoretical predictions indicating where the 
TIR modes are perfectly phase matched to a single frequency 
pump. The CW pump wavelength used for the polarization 
entanglement measurements is marked with the red dotted 
lines. 



776 — 778 nm). Details of this measurement can be found 
in the Methods section. The results, depicted in Fig. |2J 
show clear similarities between the two orthogonally po- 
larized spectra. Importantly, they point to an inherent 
ambiguity in determining the polarization of any one pho- 
ton by acquiring knowledge of its wavelength. Our obser- 
vations imply that, for our experimental setup, a pump 
frequency setting of Xp ~ 777.9 nm is optimal for pro- 
ducing frequency non-degenerate polarization entangled 
photons. 

It is worth emphasizing that such spectral evidence 
of two different decay channels is in contradistinction to 
the spectra of typical type-II SPDC where, when pump- 
ing away from degeneracy, only a single decay channel is 
observed. In those sources, the underlying crystal lattice 
asymmetry yields significant birefringence that prevents 
a second decay channel from being simultaneously phase 
matched. Here however, the absence of lattice asymme- 
try in GaAs (no birefringence) means that fundamen- 
tally, where an H-V signal-idler pair can have the correct 
phase matching, so can a V-H pair. From a polarization 
entanglement perspective, this is an extremely desirable 
phase matching scenario. The BRW design is therefore 
advantageous because it not only solves the historically 
challenging problem of phase matching in non birefrin- 
gent media, but the possibility of entanglement emerges 
as a naturally occurring byproduct. 

In order to test the capabilities of the BRW to produce 
frequency non-degenerate polarization entanglement we 
subsequently performed two standard tests. The first 
measured entanglement visibilities, verifying that we in- 
deed observe a coherence between the photon pairs. The 
second involved a detailed examination of the polariza- 
tion state by way of quantum state tomography. Details 
are provided in the Methods section. 

Entanglement visibility measurements illuminate the 
type of nonclassical polarization correlations that are ex- 
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FIG. 3. Polarization entanglement analysis. Panel (a) shows 
the pair count rates when the signal polarization analyzer 
measured horizontal (circles, red online) or vertical (squares, 
blue online) polarization while the idler polarization analyzer 
made many linear polarization measurements. For the di- 
agram, 0° corresponds to a measurement of vertical polar- 
ization. Without background subtraction, visibilities for the 
H,V basis choices were 64 ± 3%, 96 =b 3%, respectively. Plot 
(b) shows data taken for the signal polarization analyzer set 
to 45°. A phase 7 was controlled by inserting and tilting a 
QWP in the idler arm. For the different tilt angles the highest 
visibility was 67 di 3%. 



pected. Pair count rates were recorded as follows: A ba- 
sis or reference frame was chosen by the polarization ana- 
lyzer in the signal arm while the idler arm made many po- 
larization measurements in continuous fashion. For a po- 
larization entangled state, pair count rates are expected 
to behave sinusoidally in more than one basis as the idler 
arm's polarization analyzer changes. For the "HV" ba- 
sis, visibilities are shown in Fig. IsFa). Fig. IsFb) displays 
many visibilities for the anti-diagonal basis and exem- 
plifies our ability to control the phase term 7 of Eq. [l] 
As alluded to earlier, birefringence was introduced in the 
idler arm via the insertion of an additional QWP. By tilt- 
ing the QWP, the distance the idler photon traveled in- 
side the birefringent material was altered, introducing an 
additional polarization dependent phase. This changed 
the polarization correlations between the signal and idler 
photon. For a maximally entangled pure state (e.g. 
-^{\HV) -\-\V H))) , the expected behaviour is the conver- 
sion of a sinusoid with perfect visibility (minima=0) to 
an inverted sinusoid and back again, going through a pe- 
riod of flat uncorrelated behaviour when 7 = 7r/2. That 
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FIG. 4. Reconstructed polarization state generated by the 
BRW. The panels show real (a) and imaginary (b) parts of 
the state. The resulting density matrix entanglement mea- 
sure, concurrence, equals 0.52. The fidelity with the Bell state 
{\HV) + \VH))/^/2 state is 0.83 and the purity is 0.64. 



the pair count rates do not approach the noise floor in the 
experiment for all basis choices is mainly a result of the 
imperfect overlap between the spectra shown in Fig. |2j 
Additional arguments for the reduced visibilities are put 
forth in the discussion. Nonetheless, the existence of sig- 
nificant interference for all basis choices is consistent with 
the predictions of Eq. (IT]), and solidifies the observation 
of polarization entanglement emerging directly from the 
BRW. 

To fully quantify the correlations of the photon pair 
generated by the BRW, quantum state estimation was 
performed via tomographic measurements [12 and the 
resulting density matrix was reconstructed using the 
maximum likelihood method ^5- The Methods section 
explains the measurements in more detail. The result is 
shown in Fig. [4] Off-diagonal elements are clearly visible, 
evidence of the non-classical nature of the biphoton state. 
From the density matrix, various indicators of the entan- 
glement quality can be computed. The concurrence, an 
entanglement monotone [14[|15], is found to be 0.52, while 
the fidelity [15] with the expected maximally entangled 
state {\HV) -h \VH))/^f2 is computed to be 0.83. These 
measures provide further proof that the BRW is capable 
of inherently producing polarization entanglement. 



DISCUSSION 

The BRW examined here was not intentionally fab- 
ricated to produce entangled photons. Designed to op- 
timize pair production and upconversion efficiency [16], 
the spectral overlap is not ideal and degrades the intrin- 
sic entanglement generation capability. An interesting 
asymmetry observed in this work is the level of the min- 
ima measured in the H/V basis. The origins of this small 
but appreciable H/H background are likely due to resid- 
ual pump fluorescence and/or polarization hybridization 
in the V-polarized down converted mode. Nonetheless, 
these effects are not fundamental limitations, but arise 
from the current design and fabrication method. Future 



samples that are optimized to produce entanglement [17] 
promise to avoid this behaviour. 

Despite the many material benefits that GaAs offers 
(order of magnitude stronger x*^^^ than typical crystals, 
large transparency window, monolithicity, integratability 
etc.), it has remained a prized but elusive non-linear ma- 
terial. Entirely due to its challenging phase matching re- 
quirements, GaAs based photon sources have been over- 
shadowed in the quantum community by materials such 
as, lithium niobate, pottasium titanyl phosphate, and 
barium borate which are easier to phase match. Indeed, 
in juxtaposition, efforts have been aimed at integrating 
these materials [T8H2Q] . As an alternative to GaAs, high 
quality integrated quantum photonic circuitry has been 
developed in silica [3 [21], but as an entangled photon 
source, its optical non-linearity is weaker [22 , and still 
has its challenges to become a fully integrated platform 
viable for quantum processes. 

For GaAs, techniques have been developed to solve the 
phase matching problem such as form-birefringence [23] ; 
out of plane pumping [24] ; or quasi-phase matching by 
traditional periodic crystal inversion [25 . Further, out 
of plane pumping has the benefit of producing counter- 
propagating entangled photons [26] . But while these de- 
signs are promising, most are not truly monolithic, and 
are at greater risk of becoming encumbered with the com- 
plications of integration with other photonic components. 

In contrast, the BRW design has now shown to be ca- 
pable of solving all of the above concerns. It is favourable 
for becoming its own pump laser [10], it is efficient at 
producing pairs [8 , and here we demonstrate a very dis- 
tinct "quantum" opportunity. Gained by a clever modal 
phase matching technique that exploits mature nanofab- 
rication technology, the GaAs based BRW can produce 
useful polarization entangled photons directly and with- 
out the need for any post selection, compensation or in- 
terferometry. Ironically, its success is tied to the difficulty 
in phase matching - GaAs's lack of birefringence turns 
out to be a virtue for the production of on chip entangle- 
ment. Combined with the many aforementioned benefits 
that GaAs has to offer, these latest results show that the 
BRW platform should be seriously considered among the 
integrated quantum photonics community as one of the 
most promising platforms on which to build integrated 
optical quantum information processing devices. 
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METHODS 



the observation of random background events. 



Device description and experimental setup The 

3.8 /im wide, 2.2 mm long ridge BRW was fabricated via 
metal-organic chemical vapour deposition. Details of the 
epitaxy can be found in Ref. [27 , where it is referred to 
as BRWi. The waveguide was placed into an objectively 
coupled "end-fire rig" [8^ and pumped with horizontally 
polarized light at a wavelength Ap, and power, P. The 
light was focussed onto the front facet and directed into 
the core region of the BRW. Output light emerging from 
the core at the back facet was filtered to remove the pump 
before being collected for measurement. 

For the single photon spectrum measurements, P was 
approximately 20-30 mW. The output was transmitted 
through a polarizing beam splitter (PBS) separating the 
light into distinct H and V ports. Individually, both out- 
put ports were sent into a Czerny- Turner type monochro- 
mator equipped with a novel, high timing resolution, 
free space InGaAs/InP single photon avalanche diode 
j28j . Spectra for both polarizations were obtained for 
the range of CW-pump central frequencies from Xp = 
776 — 778 nm in increments of about 0.1-0.2 nm. 

To characterize polarization entanglement, P was set 
to approximately 1.2 mW, and the PBS was replaced by 
a DBS with a central wavelength A ~ 1560 nm, and a 
width of ~ 10 nm. The pump wavelength was set to A = 
777.9 nm, which produced photon pairs via SPDC with 
wavelengths near A = 1537 (signal) nm and A = 1575 nm 
(idler). Lower energy (A^ >1560 nm) idler photons were 
transmitted, while higher energy (Ag <1560 nm) signal 
photons were reflected. A polarization analyzer, consist- 
ing of a QWP, a half wave plate (HWP), and a linear 
sheet polarizer, was placed in each of the signal and idler 
arms. An additional QWP, which could be tilted, was 
placed in the idler arm to control the relative phase 7 
between HV and VH pairs. Each arm collected photons 
into a multi-mode fiber connected to a single photon de- 
tector (id201, idQuantique). The signal arm detector 
was internally triggered at 1 MHz, open for 20 ns and set 
for 10% quantum efficiency. Count rates were approx- 
imately 7000 ± 500 counts per second (cps). The idler 
arm - gated by counts recorded in the signal arm - was 
set at 15% efficiency and the gate time was set to 5 ns. 
Optical and electronic delays were adjusted so that the 
arrival of the idler photon coincided with the electronic 
gate signal. Thus, idler count rates were effectively pair 
count rates, and were anywhere from 7-100 cps. 

For the tomographic reconstruction of the state, an 
overcomplete set of 36 polarization measurements were 
performed; setting the polarization analyzers for every 
combination of H, V, ant i- diagonal, diagonal, left-circular, 
and right-circular. Each measurement had a duration 
of 2 minutes. Background count rates were obtained by 
changing the electronic delay in the idler arm to ensure 



[1] W. H. Louisell, A. Yariv, and A. E. Siegman, Phys. Rev. 

124, 1646 (1961). 
[2] D.N. Klyshko, Soviet Journal of Experimental and The- 
oretical Physics Letters 6, 23 (1967). 
[3] Y.-H. Kim and W. P. Grice, J. Mod. Opt. 49, 2309 

(2002), quant-ph/0207047. 
[4] W. Ueno, F. Kaneda, H. Suzuki, S. Nagano, A. Syouji, 

R. Shimizu, K. Suizu, and K. Edamatsu, Opt. Express 

20, 5508 (2012). 
[5] X.-C. Yao, T.-X. Wang, P. Xu, H. Lu, G.-S. Pan, X.-H. 

Bao, C.-Z. Peng, C.-Y. Lu, Y.-A. Chen, and J.-W. Pan, 

Nature Photon. 6, 225 (2012). 
[6] J. L. O'Brien, Science 318, 1567 (2007). 
[7] A. Politi, M. J. Cryan, J. G. Rarity, S. Yu, and J. L. 

O'Brien, Science 320, 646 (2008). 
[8] R. Horn, P. Abolghasem, B. J. Bijlani, D. Kang, A. S. 

Helmy, and G. Weihs, Phys. Rev. Lett. 108, 153605 

(2012). 
[9] A. Valles, M. Hendrych, J. Svozilik, R. Machulka, 

P. Abolghasem, D. Kang, B. J. Bijlani, A. S. Helmy, and 

J. P. Torres (2013), arXiv:1303.3406. 
[10] B. J. Bijlani, P. Abolghasem, and A. S. Helmy, in 

CLEO:2011 - Laser Applications to Photonic Applica- 
tions (Optical Society of America, 2011), p. PDPA3. 
[11] A. S. Helmy, Opt. Express 14, 1243 (2006). 
[12] D. F. V. James, P. G. Kwiat, W. J. Munro, and A. G. 

White, Phys. Rev. A 64, 052312 (2001), arXiv:quant- 

ph/0103121. 
[13] K. Banaszek, G. M. D'ariano, M. G. Paris, and M. F. 

Sacchi, Phys. Rev. A 61, 010304 (2000), arXiv:quant- 

ph/9909052. 
[14] S. Hill and W. K. Wootters, Phys. Rev. Lett. 78, 5022 

(1997), arXiv:quant-ph/9703041. 
[15] M. A. Nielsen and L L. Chuang, Quantum Computation 

and Quantum Information (Cambridge University Press, 

2000), 1st ed. 
[16] P. Abolghasem and A. Helmy, IEEE J. Quant. Electron. 

45, 646 (2009). 
[17] S. V. Zhukovsky, L. G. Belt, D. Kang, P. Abolghasem, 

A. S. Helmy, and J. E. Sipe, Phys. Rev. A 85, 013838 

(2012). 
[18] W. Sohler, H. Hu, R. Ricken, V. Quiring, C. Vannahme, 

H. Herrmann, D. Biichter, S. Reza, W. Grundkotter, 

S. Orlov, et al., Opt. Photon. News 19, 24 (2008). 
[19] A. Crespi, R. Ramponi, R. Osellame, L. Sansoni, L Bon- 

gioanni, F. Sciarrino, G. Vallone, and P. Mataloni, Nat. 

Commun. 2 (2011). 
[20] L. Sansoni, F. Sciarrino, G. Vallone, P. Mataloni, 

A. Crespi, R. Ramponi, and R. Osellame, Phys. Rev. 

Lett. 108, 010502 (2012). 
[21] A. Politi, J. C. F. Matthews, and J. L. O'Brien, Science 

325, 1221 (2009). 
[22] N. Matsuda, H. Le Jeannic, H. Fukuda, T. Tsuchizawa, 

W. J. Munro, K. Shimizu, K. Yamada, Y. Tokura, and 

H. Takesue, Sci. Rep. 2, 812 (2012). 
[23] A. Fiore, E. Rosencher, V. Berger, N. Laurent, N. Vodj- 

dani, and J. Nagle, in Conference on Lasers and Electro- 



Optics (CLEO) 1996 (1996), pp. 231 - 232. 
[24] A. Orieux, X. Caillet, A. Lemaitre, P. Filloux, I. Favero, 

G. Leo, and S. Ducci, J. Opt. Soc. Am. B 28, 45 (2011). 
[25] J. Schaar, K. Vodopyanov, P. Kuo, M. Fejer, A. Lin, 

X. Yu, J. Harris, D. Bliss, C. Lynch, V. Kozlov, et al., in 

Lasers and Electro- Optics, 2008 and 2008 Conference on 

Quantum Electronics and Laser Science. CLEO/QELS 

2008. Conference on (2008), pp. 1 -2. 
[26] A. Orieux, A. Eckstein, A. Lematre, P. Filloux, L Favero, 

G. Leo, T. Coudreau, A. Keller, P. Milman, and S. Ducci 

(2013), arXiv:1301.1764. 
[27] P. Abolghasem, J.-B. Han, D. Kang, B. J. Bijlani, and 

A. S. Helmy, IEEE J. Sel. Topics in Quantum Electron. 

18, 812 (2012). 
[28] A. Tosi, A. Delia Frera, A. Bahgat Shehata, and C. Scar- 

cella. Rev. Sci. lustrum. 83, 013104 (2012). 



Polarization entanglement analysis 

We consider a situation where the BRW is CW- 
pumped at Ap = 777.9 nm and where pairs produced 
at this pump wavelength are pre-dominantly wavelength 

non- degenerate^ Xs 7^ A^. 




FIG. 5. Phase matching sketch. Horizontally polarized pho- 
tons with frequency cji along the abscissa; Vertically polarized 
photons with frequency uu2 along the ordinate axis. The pump 
frequency (dashed line) dictates what photons are allowed to 
decay (black regions) . The marginal spectrums are plotted to 
the side of both co-ordinate axis and are examples of a verti- 
cal slice through both spectra observed in Fig. [2] Insets show 
the DBS, indicating what it does to the photons created in 
each region selected by the pump. 

Fig. [5] sketches the expected photon pair spectral am- 
plitude in standard frequency co-ordinates with H polar- 
ized photons of frequency Ui along the abscissa and V 
polarized photons with frequency UJ2 along the ordinate 
axis. The unusual shape of the biphoton spectral ampli- 
tude allows us to approximate the resulting BRW output 
state in the following way: 



I*; 



BRW 



/ duJiduJ2 [A/fv(wi,W2) + Avff(wi,W2)] \uJi)jj |w2)y , 

(2) 

where \u)^ denotes a cr-polarized photon at frequency 
cj, cr G {H^V}. The total spectral amplitude is propor- 
tional to the sum of the two amplitudes, Ahv{^i^^2) + 
Ayh{oji^oj2). The amplitude Ahv{^i^^2) governs the 
pair where the H photon has the shorter wavelength; 
Avh{^i^^2) governs the pair where the V polarized pho- 
ton has the shorter wavelength. The measured spectra, 
presented in Fig. [2] are proportional to the marginals of 
the sum of the two amplitudes. Specifically, as a func- 
tion of the pump frequency, the surface plot in Fig. [2Va) 
is proportional to J d(jUi\AHv (^11^2) + Avh{^i^^2)\'^ 



and the surface plot in Fig. [2[b) is proportional to 

J duJ2\AHV {^1,^2) + Ay//(CJ1,CJ2)P. 

We now consider the biphoton state under the action 
of the DBS with a center frequency ojbbs ^1560 nm, 
and which transmits 'idler' photons with longer wave- 
lengths, and reflects 'signal' photons with shorter wave- 
lengths. Referring again to Fig. |5) consider the pair 
\uJi,H)^ \uj2^V)-^ where the H (V) polarized photon at 
frequency uji > ojbbs (^2 < ^dbs) takes the signal 
(idler) output port of the DBS . The spectral ampli- 
tude of this pair is given by Ahv{^i^^2)- Analogously, 
the spectral amplitude of a pair 16^2,^")^ \uJi,H)^ where 
cji < cjdbs and UJ2 > cjdbs is given by Avh{'^i^^2)' Note 
that we have judiciously chosen the pump frequency so 
that the bulk of the photon frequencies involved here are 
far enough away from the DBS central frequency cjdbs- 
Thus we can safely ignore events where both photons are 
routed to the same output port of the DBS. This assump- 
tion also implies that the effect of the dichroic on the 
amplitudes Ahv{^i^^2) and Ay h (001,002) are minimal, 
and so we retain the same labeling before and after the 
DBS transformation. The resulting state can be written 
as in Eq. [T] 

1^) = / duJiduJ2{AHv{0Ji,UJ2) \oJi,H)^ \oJ2,V).^ 

Avh{^1,^2) 1^2, V")^ 1^1, ^)i) , 

where |a;,(j) , a G {H^V} and ja G {s,i}, denotes a a- 
polarized photon at frequency u in the /i output port 
of the DBS. Note the index interchange in the second 
term which arises from the transformation of the DBS. 
Due to design related asymmetries in the phase match- 
ing function, the amplitude Ahv (001,002) does not equal 
the amplitude Ay h {002,001) for all {001,002)- This is the 
main reason for the reduced visibilities and entanglement 
quality observed in the experiment. 



Finally, we analyze the resulting polarization state of 
the photon pair when the spectral information is disre- 
garded. This produces a density matrix in the following 
form: 

p = pHv \HV) {HV\ + pvH \VH) {VH\ 

+ q \HV) {VH\ + ^* \VH) {HV\ (3) 

where the coefficients pnv^ Pvh and q are related to the 
spectra of the generated photons as: 

PHV = / duJiduo2\AHv{ooi, 002)1^, (4) 

Pvh = / duoidu2\Av H {001,002) f, (5) 

q= I duoiduo2AHv {001,002) Ay H{uo2,ooi)e''^. (6) 



Note that we explicitly insert a phase term 7, as it is 
experimentally accessible, and can be controlled by in- 
troducing additional birefringence in one of the paths of 
the biphoton. It is also worth emphasizing that if the 
overlap is perfect then \q\ = 1/2 and the state produced 
by the BRW would be maximally entangled in the polar- 
ization degree of freedom. 

The above analysis allows us to predict the entan- 
glement visibilities based upon the observed spectrum 
of the generated photons. As in the experiment, when 
the signal polarizer is set to transmit anti-diagonal po- 
larization, and the idler polarizer is rotated about an 
axis perpendicular to its face by some angle 6>, then 
the observed coincidence count, C, is proportional to 
{2Ile{q)sm{20))/2. It is now clear that the visibility, 
defined as [max6>(C) — min6>(C)]/[max6i(C) + min6>(C)] 
equals 2q. For the measured spectra, optimal overlap oc- 
curs when pumping at a central wavelength of 777.9 nm, 
where based on the measured data we estimate 2q ^ 0.8. 



